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amplifier f o r  b io  -medical applications has been developed. 

The c i r c u i t  takes advantage of new, high r e l i a b i l i t y  s i l i c o  

t r ans i s to r s  which feature  low noise and the  capabi l i ty  of 

operating with low current.  The need f o r  such an a m d i f i e r .  I " ' ' 

i ts  design and performance are discussed. N 6 5  8 8 5 3 4  
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The large amount of research i n  the l i f e  sciences now being conducted 

a t  NASA's Ames Research Center a t  Moffett Field, California,resulted i n  a 

number of requirements f o r  an improved bio-medical amplifier.  Although 

the amplifier w a s  designed f o r  a space experiment it has already found 

wide use i n  ground applications.  It should be of great  value anywhere 

a high performance amplifier i s  required i n  a compact, l o w  power, rugged, 

and r e l i ab le  package. 

Bio-medical amplifiers have been available f o r  many years and a number 

Commercially avai lable  a m p l i -  of c i r c u i t s  have appeared i n  the l i t e r a tu re .  

f iers meeting a l l  the requirements f o r  physiological work are too bulky 

and require  too much power f o r  many applications.  Amplifiers which a re  

small enough generally unduly compromise one or more of the specif icat ions.  

For example, the input impedance might be low, giving r i s e  t o  ca l ibra t ion  

errors w i t h  changes i n  t i s sue  Fmpedance, or the  output impedance might 

he h i a h  r e s i i 1 t . i n ~  i n  mat.china n r h l e m s  when feedinP- re la . t . i ve1v  low 

impedance devices, such as a re  found i n  some telemetry systems. 

*Ames Research Center, Moffett Field, California 
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response, especial ly  a t  the  low end, is often not adequate fo r  fa i tkfx l  

reproduction of such waveforms as occur, f o r  example, i n  electrocardiograph 
9 

signals  . '5 

The amplifier t o  be described is small and compact, without asacrific- 

ing important requirements. 

RFQUI-S 

The idea l  requirements for a bio-medical amplif ier  can be summarized 

as follows : 

1. High input impedance 

2. Low output Impedance 

3. Low noise 

4. Good low-frequency response 

5 .  Differen t ia l  input 

6. High common-mode re jec t ion  

Some addi t ional  requirements are imposed if the  application is f o r  space 

use, portable  ba t t e ry  operation, o r  as a preamplifier adjacent t o  the 

subject,  namely: 

7. 

8.  

9. 

10. 

ll. 

12. 

It 

kilohms 

Low power 

Small s i z e  

Single -ended output for a compatibility with standard telemetry 

equipment, while maintaining high common-mode re jec t ion  

Rugged construct ion 

Use of high r e l i a b i l i t y  components 

Performance maintained i n  an environment with var iable  temperature 

and humidity. 

has been shown' t h a t  electrode-to-body impedances of up t o  100 

can be expected i n  routine pract ice  on humans. To account for 
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such fac tors  as use of d i f fe ren t  kinds of animals and prolonged use of 

electrodes,2 it would seem t h a t  an input impedance of 100 t h e 8  100 kilohms, 

or  10 megohms is necessary. 

In order t o  be compatible with a var ie ty  of output devices such as 

recorders, subcarr ier  osc i l la tors ,  transmitters,  e tc . ,  and t o  minimize 

pickup due t o  interconnecting cables, an output impedance of less than 

100 ohms is  desirable. 

The equivalent input noise should be as low as possible.  With a 

bandwidth of 100 cps an equivalent input noise l e v e l  of 0.5 microvolt rms  

i s  sa t i s f ac to ry  f o r  most purposes. 

In  order t o  pass a l l  the information being monitored, a dc amplifier 

should be used. However, sh i f t i ng  baselines due t o  changing electrode 

poten t ia l s ,  perspirat ion and dc body poten t ia l s ,  plus the f a c t  t h a t  p r a c t i -  

c a l l y  a l l  the  relevant data  i n  the electrocardiogram, electromyogram, and 

electroencephalogram are above 0.2 cps mean t h a t  there  are advantages i n  

using an ac amplifier,  although the number of capacitor couplings should 

be minimized t o  reduce overload blocking ef fec ts .  

With grounded systems a d i f f e ren t i a l  input is necessary t o  obtain high 

common-mode reject ion.  Experience has sham t h a t  a common-mode re jec t ion  

r a t i o  of 80 db or  greater  is suf f ic ien t  f o r  most p rac t i ca l  purposes. 

CIRCUIT DESIGN 

A block diagram of the amplifier designed t o  meet the above requirements 

appears i n  Fig.. 1, and the c i r c u i t  diagram is sham i n  Fig. 2. 

Transistors Ql and Q2 a re  input emitter followers which provice an input 

impedance of greater  than 10 megohms from each input t o  ground when loaded 

by Q3, Q4, and t h e i r  b i a s  networks. Field e f f e c t  t r ans i s to r s  were considered 

f o r  Q1 and Q2, because of t h e i r  high input impedance, but  eventually the 
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2N2484, a s i l i con  planar NPN t r ans i s to r  was selected.  The equivalent 

input noise of any t r ans i s to r  has two components, voltage and current.  

Since the amplifier is t o  be used w i t h  low-impedance sources, the t r an -  

s i s t o r  having the lowest equivalent voltage noise generator should be 

used. Although f i e l d  e f f e c t  t rans is tors  have an extremely low current 

noise, t h e i r  voltage noise was found t o  be s l i g h t l y  in fe r io r  t o  that  of 

the 2N2484, the high current gain of which resul ted i n  a more than ade- 

quate input impedance. 

Capacitors C1 and C2 provide i so la t ion  f o r  the second stage from slowly 

changing voltages appearing a t  the input as a r e s u l t  of body-to-electrode 

poten t ia l s .  

I n  order t o  maintain high common-mode re jec t ion  it i s  e s sen t i a l  that. 

common-mode signals be attenuated equally t o  avoid producing signal-mode 

voltages a t  the bases of Q3 and Q4 and, i n  the in t e re s t  of miniaturization 

and s implici ty  i n  use, component select ion was  preferable t o  having adjust-  

able controls.  

equal within l p e r c e n t .  

equal gain and, i n  order t o  obtain a high input impedance, f o r  a current 

gain i n  excess of 300. 

of 600 a t  the current  leve ls  used i n  this amplifier and, therefore,  i s  

sa t i s f ac to ry  f o r  the purpose. 

The time constants CUI3 and C2R4 are therefore se lec ted  

For the  same reason Ql and Q2 are selected f o r  

The Fairchild 2N2484 has a maximum current gain 

Transistors Q3 and Q4 form a d i f f e ren t i a l  amplifier w i t h  constant- 

current  generator @ providing the high common emitter impedance neces- 

sary t o  obtain good common-mode rejection. This stage was used as a 

.'?ferentia1 t o  s ingle  -ended converter which means that  the  cmmon-node 

ion depends on a high r a t i o  of emitter t o  co l lec tor  impedances 

rather L, 1.: mere balance as i n  d i f fe ren t ia l - in  t o  d i f fe ren t ia l -out  stages,  

-R- 
X E R O '  
co-I 

-1.. , XERO ! X I  
' C O P Y  I C  



although balancing of Q3 and Q4 was necessary t o  obtain maximwn common- 

. mode reject ion.  

Since high gain i s  required from Q3 and Q4 t o  raise the s igna l  above 

any noise contributed by l a t e r  stages, an emitter follower Q6 i s  employed 

t o  couple t o  the  relatively low input impedance of the next stage. 

d i f f e r e n t i a l  t o  single-ended gain i s  40. 

The 

Transistors Q7, Q8, Q9, and &lo cornprise an amplifier of the form 

shown i n  Fig. 1. 

with ~16/mi .  

(equal t o  25 i n  t h i s  case)  f o r  ac signals, zero f o r  dc s ignals ,  and uni ty  

f o r  t he  equivalent drift  of amplifier A. The advantage of t he  c i r c u i t  is 

t h a t  no capacitor i s  required t o  remove dc o f f se t s  from the output, which 

is  s t a b l e  a t  about ground potent ia l .  

coupling stages i n  the  amplifier down t o  only 2. An addi t ional  feature  

of t h i s  type of c i r c u i t  is  i t s  low output impedance, i n  t h i s  case below 

50 ohms. Capacitor C4 can be chosen t o  l i m i t  the  high-frequency response; 

f o r  example, with a 330 pf capacitor the upper cut-off occurs a t  200 cps. 

Capacitors C1, C2, and C3  can be selected t o  adjust the low-frequency 

cut-off;  t he  values shown give a cut-off of 0.15 cps. 

"A" i s  an amplifier having a voltage gain large corqpared 

This r e s u l t s  i n  a c i r c u i t  with a gain equal t o  ~16 /mi  

This keeps the  number of capacitor 

MEASURJ3D CIRCUIT DATA 

The measured performance of t h e  amplifier i s  as follows : 

Gain 1000 

Input impedance 24 megohms d i f f e r e n t i a l  

Output impedance 25 ohms 

Maximum output voltage 6 volts peak t o  peak i n t o  1 megohm 

2.6 volts peak t o  peak i n t o  1C kilohms 
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Noise referred t o  input 

Battery drain 

Battery pcwer 

Less than 0.5 microvolt ~118 

with 10 kilohms source and 

bandwidth of 0.15 cps t o  100 cps 

0.55 ma 

Less than 5 m i l l i w a t t s  

Maximum frequency response 0.15 cps t o  10 kc/s 

Common-mode reject ion 25,000 : 1 

The amplifier w a s  used t o  record the amplifier noise level, an e l ec t ro -  

cardiogram, and an electroencephalogram, appearing i n  Fig. 3. 

CONSTRUCTION 

The amplifier'  w a s  constructed two ways. One, s h a m  i n  Fig. 4, is a 

cordwood, welded package 0.8 inch by 0.65 inch, by 0.35 inch, weighing 

5 grams, and is intended f o r  applications where space i s  a t  a premium. 

The other, shown i n  Fig. 5, i s  a standard p r in t ed  c i r c u i t  2.8 inches long 

by 1.5 inches wide. 

APPLICATION 

The amplifier has been used t o  monitor the electroencephalogram from 

a monkey and electromyogram records have been made during nerve st i  

t e s t s .  These were ground t e s t s  i n  the process of preparation f o r  future  

sa te l l i t e  experiments i n  which space, weight, and power w i l l  be important 

f ac to r s .  The amplifier has a l s o  been used t o  amplify electrocardiogram 

signals frnmpilots undergoing exercise t e s t s  and centrif'uge tests. & 

t h i s  case the  amplifier was a p a r t  of a bio-medical package worn by the 

sub jec t  t o  measure a va r i e ty  of physiological data. 

Past  experience i n  the design of e lectronic  equipment f o r  satel l i te  

experiments indicates t h a t  t h i s  amplifier should perform very s a t i s f a c t o r i l y  



, i n  a space environment. The need f o r  small s i z e  and low power consumption 

has always been a problem in space experiments and t h e  design idea l ly  

meets these needs, while s t i l l  maintaining the  accuracy, l o w  noise level, 

e t c . ,  possible with conventional laboratory equipment. 

0. H. Schmidt, M. O k a j i m a ,  and M. Blaug, "Skin Preparation and 

Int. Conference on Medical Electronics,  

1 

Electrocardiographic Lead Impedance, 

New York, Ju ly  1961. 

2N. P. Thompson, and J. Patterson, "Solid S ta t e  Bridge Contact Electrodes," 

Symposium f o r  Bio-Medical Engineering, San Diego, Calif., 1963. 
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FIGURE TITLES 

Fig. 1. - Bio -medical ampl i f  i e r  block diagrm. 

I Fig. 2. - Bio-medical amplifier c i r c u i t  diagram. 

Fig. 3.- Typical amplifier noise level, ECG, and EM; records using the 

described amplifier.  

Fig. 4. - Welded cordwood version of amplifier. 

Fig. 5 .  - Printed c i r c u i t  version of amplifier. 
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